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The aim of this study was to assess the possibility of digital image analysis of pit-and-ﬁssure discoloration in order to diagnose
caries. Digital images showing pit-and-ﬁssure discoloration in 100 teeth of 19 patients were analyzed to obtain the fractal
dimension (FD) and the proportion of the area of pit-and-ﬁssure discoloration to the area of occlusal surface (PA). DIAGNOdent
values were measured (DD), and dentists’ diagnoses were also obtained. The sensitivity and speciﬁcity of FD, PA, DD, and
the combination of FD and PA compared to the dentists’ diagnoses were calculated. The sensitivities of FD, PA, DD, and the
combination of FD and PA were 0.89, 0.47, 0.69, and 0.86, respectively, and the speciﬁcities were 0.84, 0.95, 0.91, and 0.86,
respectively. Although further research is needed for the practical use, it is possible to use the analysis of digital images of pit-
and-ﬁssure molar discoloration as a diagnostic tool.
1.Introduction
Inrecentyears,theconceptofminimalintervention(MI)has
prevailed in dentistry. MI can be deﬁned as the maximum
preservation of the healthy dental structure [1]. Therefore,
the importance of diagnosing caries at an early stage
has increased. In conventional procedures, the diagnosis
of caries has mainly consisted of visual inspection and
tactile assessment with probing. However, Lussi [2]r e p o r t e d
that the sensitivity of detecting caries was 0.62 by visual
inspection and 0.82 by probing. In addition, the pressure of
probing can damage the demineralized ﬁssure and increase
the risk that caries progress [3, 4]. To promote MI, diagnosis
without a probe has been recommended [3]. The laser
ﬂuorescence-based caries detection device DIAGNOdent
(Kavo, Germany) has been introduced as an alternative.
However, no single detection method for caries is suﬃcient;
therefore, the combination of some detection methods has
been recommended [5–7].
Recent improvements in the personal computer have
made the process of digital imaging more eﬃcient and
convenient [8]. Nevertheless, few applications use the quan-
titative evaluation of digital images to diagnose caries. If
the shape of caries can be quantiﬁed, and the relationship
between the numerical value and the condition of the lesion
can be demonstrated, this information would be helpful to
diagnose dental caries. One of the indexes which evaluates
shape quantitatively is fractal dimension. The authors of
this paper have previously shown that the fractal dimension
and proportion of the area of pit-and-ﬁssure discoloration
to the area of occlusal surface obtained by digital imaging
were signiﬁcantly correlated with the depth of the caries
and the DIAGNOdent values in extracted teeth [9]. For
assessment of the method as a diagnostic system, the ability2 International Journal of Dentistry
of the diagnosis, such as the sensitivity, the speciﬁcity, and
the accuracy, should be researched in clinical situation. The
aim of this study was to assess the possibility of the clinical
application of the diagnosis of occlusal caries using digital
imaging by examining the sensitivity, the speciﬁcity, and the
accuracy in comparison with the DIAGNOdent values and
the dentists’ diagnoses.
2.MaterialsandMethods
One hundred teeth (36 premolars and 64 molars) with pit-
and-ﬁssurediscolorationfrom19outpatientswereexamined
at the Clinic of Oral Diagnosis and General Dentistry, Dental
Hospital, Tokyo Medical and Dental University. The occlusal
surface of each tooth was washed with the Robinson brush
to remove dental plaque without any abrasive paste. Then,
pit-and-ﬁssure discoloration was dried by air and measured
three times using DIAGNOdent. The mean scores were used
as the DIAGNOdent values of the teeth (DD). Next, the
occlusal surface of each tooth was photographed as large as
possible with an intraoral digital camera (Penscope, Morita,
Japan). Each image was stored in a personal computer
using a video capture interface (PC-MDVD/U2, Buﬀalo,
Japan). Without knowing the DD, a dentist preliminarily
diagnosed each tooth using visual inspection and tactile
examination to decide which treatment plan would be
appropriate (preventive or operative). The clinical diagnosis
of preventive treatment for teeth was classiﬁed as CO.
On the other hand, carious lesions requiring operative
treatment were removed in a conventional clinical way. If
the resulting cavity preparation was limited in the enamel,
thentheclinicaldiagnosiswasclassiﬁedasC1.Iftheresulting
cavity preparation reached the dentin, and sound tissue still
remained between the cavity and the pulp chamber, then the
clinical diagnosis was classiﬁed as C2. No lesion reached the
pulp chamber in this study. Five dentists ranging from 3 to
15 years of professional experience examined the teeth after
calibration of the criteria of the caries assessment conducted
before the study; the calibration was done as follows; ﬁrst,
the ﬁve dentists examined 30 extracted teeth and decide
which treatment plan would be appropriate (preventive or
operative). At that time, the rate of accordance among the
ﬁve dentists was 76.7%. Then, the teeth were sliced pallarel
to the teeth axis and to the depth of lesion for each tooth
was determined. At last, the dentists discussed to accord the
treatment planning for each tooth referring the depth of the
lesion.
The digital photographs obtained were processed and
analyzed using image analysis software (Image J, NIH, USA).
First, each image was converted to an 8-bit gray-scale image,
in which the density of grayness of each pixel was linearly
scaled from min 0 (black) to max 255 (white). Then, the
occlusal surface in the image was isolated from the back-
ground using a density histogram of the image, and the area
wasmeasured.Pit-and-ﬁssurediscolorationwasalsoisolated
from the occlusal surface using the density histogram, and
the area was measured. The proportion of the area of pit-
and-ﬁssure discoloration to the area of the occlusal surface
Table 1: FD, PA, and DD of each clinical diagnosis.
Clinical n FD PA DD
diagnosis (SD) (SD) (SD)
C0 64 1.09a 0.005b 16.9cd
(0.16) (0.009) (15.0)
C1 24 1.34a 0.012b 45.2c
(0.09) (0.008) (25.1)
C2 12 1.52a 0.051b 57.9d
(0.09) (0.022) (27.7)
a,b,c,d:Numberswiththesamesuperscriptlettersaresigniﬁcantlydiﬀerent
(P<. 01).
was calculated (PA). Next, the image of the isolated pit-and-
ﬁssure discoloration was converted into a binary image, in
which the density of pit-and-ﬁssure discoloration was 0, and
its background was 255, followed by calculating the fractal
dimension of pit-and-ﬁssure discoloration (FD).
Diﬀerences in FD, PA, and DD between each clinical
diagnosis were analyzed using two-way ANOVA and Games-
Howell test to reveal the clinical diagnosis and the eﬀect of
the examining dentists. The correlation between the clinical
diagnosis and each FD, PA, and DD was analyzed using
Spearman’s correlation coeﬃcient. Discriminant formulas
wereobtainedusingdiscriminantanalysiswiththetreatment
plan (preventive/operative) as the objective variable and
FD, PA, and DD as explanatory variables. Sensitivity and
speciﬁcity were calculated by applying FD, PA, and DD
to each discriminant formula. The accuracy, ratio of the
number of teeth showing accordance between the treatment
plan decided by the dentists and the predictive treatment
plan decided using the discriminant formula to the number
of all the teeth, was also obtained. All the statistical analyses
wereperformedusingSPSS16.0(SPSSInc.,USA).Theentire
process was approved by the Ethics Committee of the Faculty
ofDentistry,TokyoMedicalandDentalUniversity(No.317).
3. Results
FD, PA, and DD values corresponding to each clinical
diagnosis are shown in Table 1. FD, PA, and DD increased
with the depth of the caries. The two-way ANOVA revealed
that the FD, PA, and DD were diﬀerent among the clinical
diagnosis (P<. 01). On the other hand, the diﬀerence
of the examining dentists did not aﬀect the FD, PA, and
DD. Spearman’s correlation coeﬃcients between the clinical
diagnosis and each FD, PA, and DD were 0.743, 0.700, and
0.652, respectively (P<. 01). There were also signiﬁcant
correlations among FD, PA, and DD (P<. 01).
Table 2 shows the discriminant formula, sensitivity,
speciﬁcity, and accuracy of each explanatory variable. Based
on the discriminant formula of each explanatory variable,
the thresholds of FD, PA, and DD between preventive and
operative treatments were 1.20, 0.012, and 28.8, respectively.
ThesensitivityofFDwasgreaterthanthatofPA,DD,andthe
combination of FD and PA. The speciﬁcity of PA was greater
than that of FD, DD, and the combination of FD and PA.International Journal of Dentistry 3
Table 2: The results of discriminant analysis.
Explanatory variables Discriminant formula Sensitivity Speciﬁcity Accuracy
FD Y = 6.74 FD − 8.12 0.89 0.84 0.86
PA Y = 63.3 PA − 0.77 0.47 0.95 0.78
DD Y = 0.05 DD − 1.44 0.69 0.91 0.83
FD, PA Y = 5.68 FD + 17.8 PA − 7.29 0.86 0.88 0.87
The accuracy of the combination of FD and PA was greater
than that of FD, PA, and DD.
4. Discussion
Previously, it was reported that the fractal dimension and the
proportion of the area of pit-and-ﬁssure discoloration to the
area of occlusal surface were signiﬁcantly correlated with the
depth of the caries and the DIAGNOdent values in extracted
teeth [9]. In this study, the same tendency was observed
for patients’ intraoral teeth. The fractal dimensions for C0,
C1 and C2 in the former study were 0.97, 1.30, and 1.52,
respectively [9]. These results indicate that image analysis of
molar pit-and-ﬁssure discoloration was clinically useful for
the diagnosis of caries. An increase of the proportion of the
areaofdiscolorationcorrespondedtoachangeofthevolume
of caries lesion, while an increase of the fractal dimension
corresponded to a change of the shape of the lesion caused
by caries progression.
A fractal is a geometric shape, possessing characteristics
of self-similarity or self-aﬃnity, and widely observed in
nature [10, 11]. Recently, fractals have been in the spotlight
in the ﬁeld of medicine, and research has been introduced
regarding its use in the ﬁeld of diagnosis [12–14]. Fractal
dimension, is a quantiﬁable value that characterizes shape.
The dimension increases in number with the complexity of
the structure. For example, a point is described as the zero
dimension; a straight line is described as the ﬁrst dimension,
and a plane is described as the second dimension. The
fractal dimension is a decimal dimension between integers.
Such decimal dimensions can be obtained by expanding
the deﬁnition of the dimension as the rate at which the
perimeter (or the surface area) of an object increases, and the
measurement scale is reduced [10]. Several ways to measure
the fractal dimension have been introduced. In this study,
the authors used a simple way to determine the fractal
dimension called box counting. In this method, a grid of
squares is placed over the object, and the number of squares
through which any part of the object passes is counted. This
p r o c e s si sr e p e a t e dw i t hd i ﬀerent grids having diﬀerent sizes.
The number of squares placed over the object versus the
length of the side of the square are then plotted on log-log
scale. When a regression line is obtained from the plots, the
slope of the line is deﬁned as the dimension. The degree of
unevencomplexityofaboundaryoracoastcanbequantiﬁed
using this approach. In this research, the fractal dimension
of discoloration increased from 0.8 to 1.6 as the depth of
the caries increased, which corresponded to a change in the
shape of the discolored area from a point or a line to an area
based on the progression of the caries.
The sensitivity and the accuracy of FD were greater than
that of DD. The sensitivity of PA was less than that of FD and
DD. Generally, the addition of valuables into discriminant
formula is one of the ways to improve the accuracy, however,
in this study, the accuracy of the combination of FD and PA
was similar to that of single FD. Therefore, further study to
ﬁnd other valuables is needed to improve the accuracy of
this method by combination of valuables. Thus, the accuracy
of the diagnosis of occlusal caries using digital images of
discolored areas was comparable to that of DIAGNOdent;
therefore, its clinical application as a diagnostic tool is
possible.
Because this study was clinical, the ﬁnal diagnosis of each
examined tooth was not conﬁrmed by a histological proce-
dure but by a dentist’s clinical examination. As mentioned
above, the diagnoses of dentists were reported to vary [2]. In
this study, the results of two-way ANOVA showed that the
eﬀect of the examining dentist on the DD, PA, and FD values
was not signiﬁcant. Therefore, we considered that diﬀerence
of the diagnosis among the dentists would be small.
In the present study, to examine the possibility of digital
imaginginthediagnosisofocclusalcaries,DIAGNOdentwas
used as a comparative pre-existing dental caries detection
tool.Thereareothercariesdetectiontools,suchasﬁberoptic
transillumination (FOTI), digital imaging ﬁber optic transil-
lumination(DIFOTI),quantitativelaserorlightﬂuorescence
(QLF), and electrical conductive measurements (ECM).
FOTI, DIFOTI, and QLF have been tested in vivo, however,
the number of clinical studies has still been small [15, 16].
On the other hand, a comparatively long time has passed
since DIAGNOdent was introduced to the market, and many
ﬁndings have been reported. Sheehy et al. [17] reported that
DIAGNOdent had greater sensitivity and speciﬁcity than
ECM. The correlation coeﬃcient between DIAGNOdent
readings and the depth and the volume of caries lesions was
reported to be 0.47 [18]. Several researches have pointed
o u tt h a tD I A G N O d e n tm e a s u r e m e n t sa r ea ﬀected by other
factors, such as hypomineralization, plaque, debris, staining
and wetness [19–21], while a high correlation between inter
and intraobserver agreements was also mentioned [22, 23].
We employed DIAGNOdent as a comparison because the
diagnosis was provided as a number, the handling was easy,
and, moreover, its clinical use has been discussed in other
studies.
In the present study, diagnosis using digital images of
pit-and-ﬁssurediscolorationdependedonthestatisticalrela-
tionship between the shape of discoloration and the depth
of caries. Namely, the method did not measure infected
tissueofindividualteethdirectly.Theshapeofthediscolored
area in the occlusal surface is, however, possibly aﬀected4 International Journal of Dentistry
by medication history, individual history, and lifestyle [6].
Consequently, diagnosis using digital images of pit-and-
ﬁssure discoloration is rather experimental. Additionally, the
procedure cannot be applied to colorless lesions, such as
acute caries. Therefore, diagnosis using digital images of pit-
and-ﬁssure discoloration should not be used for deﬁnitive
diagnosis. Rather, initial diagnosis, screening such as mass
examination would be suitable because of its good sensitivity
of FD and, the convenience of the procedure. Actually, the
core of the diagnostic system is digital imaging processing
by computers. If computer programing for all procedures
was achieved, then screening of hundreds of examinees
would be automated after photograph taking, which would
make mass examination less time-consuming with low cost.
For such automated uses of the computer, the process of
extracting colors from the image must be improved; in
this study, the threshold for the colored area was decided
one by one by an observer’s visual inspection. How to
calculate the fractal dimension is also open to discussion.
We used the box-counting method attached in the image
analysis software, IMAGE J. The box-counting method is
only suitable for self-similar proﬁles, not for more general,
self-aﬃne cases [10], that is, the fractal dimension using the
box-counting method might be the approximate value. A
special computer program must be developed to measure
the fractal dimension more accurately, for example, the
Minkowski method or the Richardson method [8, 10]. As
mentioned above, the shape of the discolored area on an
occlusal surface is aﬀected by many factors. Therefore, the
thresholds or the discriminant formulas acquired from this
research are not universal. Further research is needed to
determinethediscriminantformulastodiagnosecariesusing
the image analysis of molar pit-and-ﬁssure discoloration.
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